Introduction
============

Current policies for public funding of health research increasingly focus on innovation, with a final goal to improve health outcomes.[@ehz282-B1] To support policies, roadmaps are established, for example for diabetes[@ehz282-B2] and respiratory[@ehz282-B3] diseases. In the USA, the joint Academies developed a document to guide national policy in health[@ehz282-B4] with a dedicated document for cardiovascular medicine[@ehz282-B5] that includes general directions for research. In Europe, building a roadmap for cardiovascular research is one of the tasks of the ERA-CVD network.[@ehz282-B6] Expert opinion guides the exercise but a macro and global-level overview of past cardiovascular research can enrich the debate and strengthen the basis for recommendations. The breadth of cardiovascular research is astounding,[@ehz282-B7] with research undertaken across a variety of institutions and with each piece of research having its own scope/focus or topic. It is thus challenging to review and summarize all the research that has been undertaken.

Identifying all the relevant research is the first hurdle to overcome, then classifying or identifying topics of research is the next significant hurdle. Journal classification systems offer little assistance, as they are not granular enough to identify more specific topics within broader fields. Thesauri or medical dictionaries, such as PubMed or the International Classification of Diseases (ICD), do not offer an overview of time-dependent changes in topics or changing concepts.

Identifying key topics using semi-automatic approaches based on text analysis is an alternative solution that takes advantage of recent developments in high-level informatics. As this is not reliant on a predefined classification, it may result in different outcomes. Various methods use natural language processing (NLP) to extract topics or clusters from text. For example, the bibliometric community has compared the results when varying methods are applied to a set of astronomy publications, focusing on the importance having topic expert input throughout the process.[@ehz282-B8] The recent CardioScape project analysed abstracts of 2476 research projects awarded 2010--12 as published by funding bodies. The authors assigned research project to topics, based on the abstract text, using a semi-automatic process that tested and trained the data to more quickly allocate abstracts to a topic than depending solely on expert review. They produced a detailed taxonomy or classification of cardiovascular research based on the list of topics of the European Society of Cardiology, creating a hierarchical list of over 600 topics.[@ehz282-B9]

Here, we aim to identify topics in published cardiovascular research and their evolution between 2004 and 2013, assessing whether they have appeared, disappeared, or changed over time. In a comprehensive approach, we use a combination of existing methods for text mining, network analysis, and clustering, and further develop these tools to handle a large dataset of \>400 000 publications.

Methods
=======

In our study, we use two different and complementary approaches. A first one detects topics across the collection of publications, counting number of documents, and relations between topics. A second one maps document networks into clusters with an identifiable subject of research. These approaches are described here in brief, with more detail provided in the [Supplementary material online](#sup1){ref-type="supplementary-material"}.

Data sources
------------

The dataset includes the reference, abstract, address, and citation data for 478 006 cardiovascular publications from 2004 to 2013, including 2014 references to these documents, using an expert informed search strategy and references to core cardiovascular journals, as previously published.[@ehz282-B7] The documents span across \>5000 journals, and include cardiovascular publications in leading general journals in medical and life sciences ([Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Table S1](#sup1){ref-type="supplementary-material"}*). We obtained the data from Clarivate Analytics Web of Science Core Collection (WoS) through a custom data license held by ECOOM, KU Leuven.

Text pre-processing
-------------------

We took all titles and abstracts of the above publications, and extracted the noun phrases (text fragments of various lengths) using the NLP framework developed at Stanford.[@ehz282-B10][Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Figure S1](#sup1){ref-type="supplementary-material"}* illustrates the subsequent data flow for the analysis.

Topic modelling
---------------

For this approach, we applied latent Dirichlet allocation (LDA)[@ehz282-B11] to the above-mentioned text fragments from the titles and abstracts of all publications. This LDA approach groups the text fragments to identify topics and allocates documents to topics. In this approach, a document contributes to several topics. Of note, general terms or terms that are used frequently across the majority of documents are filtered out as part of the methodology, resulting in groups of highly specific text fragments and, consequently, topics, as illustrated in [Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Figure S2](#sup1){ref-type="supplementary-material"}*.

At least three cardiovascular experts (listed in the Acknowledgements section) named each topic based on a set of the top 40 text fragments representing a topic. Further rounds of cross-review validated and consolidated the naming process. A final review of all topics ensured naming consistency across the topics and allowed for additional expert-based classification as clinical, basic, or population research.

We then calculated the number of documents that contributed to a topic, using probability analysis in LDA. Furthermore, we calculated the co-occurrence of topics in the publications, and visualized the outcome of this network analysis using VOSViewer ([www.vosviewer.com](http://www.vosviewer.com)).[@ehz282-B12]

Document clustering
-------------------

For this second approach, the dataset was reduced to two periods, and we analysed the cardiovascular publications from 2006 to 2008 and those from 2011 to 2013, separately. For each time period, we then calculated the similarities between documents based on the noun phrase text fragments from the titles and abstracts of all publications and based on the references in these publications, using adapted cosine calculations and a hybrid document clustering algorithm, as previously described.[@ehz282-B13] We then applied the Louvain[@ehz282-B14] community detection algorithm to identify clusters of similar documents. For this method, each document is only located in one cluster. Subsequently, we applied the DrL/OpenOrd algorithm[@ehz282-B15] to map and visualize the documents and clusters. We used R[@ehz282-B16] in a high-powered cloud-based parallelized computing environment for all operations.

We identified and described the core documents,[@ehz282-B13] the most common text fragments, as well as, the most highly cited documents and the most productive authors in each cluster, to name the clusters. For each document cluster, we identified the most highly representative topics from the LDA topic model.

Results
=======

Evolution of cardiovascular topics---trends and 'hot' topics
------------------------------------------------------------

We identified 175 topics, listed alphabetically in [Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Table S2](#sup1){ref-type="supplementary-material"}*. This list groups specific topics within areas such as atherosclerosis, coronary artery disease, arrhythmias, heart failure, and their evolution over time.

For a visual and comprehensive overview, we prepared a map of the topics and their interrelation, based on co-occurrence within publications using a network analysis (*Figure [1](#ehz282-F1){ref-type="fig"}A*). This map identifies different categories of research: population (at the top, blue), clinical (left, green/yellow), and basic research (right, red). Large topics in each category define overarching interests such as *Evidence-guided-treatment* and *Outcomes and prognosis* in clinical research, and *Epidemiology of CVD and risk factors* in population research, topics that have seen large growth in numbers of publications since 2004 (*Figure [1](#ehz282-F1){ref-type="fig"}B*). *Cell signalling and gene transcription* is a central topic for basic research, with modest growth (*Figure [1](#ehz282-F1){ref-type="fig"}B*).

![Main areas and organization of research focus. (*A*) Visual presentation of the topics in 2013 and how they relate to each other, based on how often the topics are included in the same publication. Each circle represents one topic and each group of topics is highlighted in a separate colour; the most similar documents and clusters are located closer to each other based on VOSviewer mapping. (*B*) Evolution of overarching topics.](ehz282f1){#ehz282-F1}

More focused 'hot' topics that experienced a large growth in number of publications are presented in *Figure [2](#ehz282-F2){ref-type="fig"}*.

![Topics with large growth. For population research, the eight topics that increased more than two-fold in volume are shown; for clinical research, 27 topics increased more than two-fold and 10 of these are presented; for basic research only two topics had more than a two-fold increase, and the top 8 growers are presented. Overarching topics are shown in *Figure [1](#ehz282-F1){ref-type="fig"}B*.](ehz282f2){#ehz282-F2}

In population research, risk factors with research on metabolic syndrome, lipids, diabetes, physical activity, and mental health are prominent. In clinical research, patient management after myocardial infarction (MI) and outside the hospital are leading topics, but the true 'hot' topic was aortic valve disease that saw a surge of interest, related to transaortic valve repair, starting 2008. Though still small in numbers, heart failure research and stem cells saw substantial growth. This last clinical topic complements the major hot topics in basic research, on stem cells and cardiac repair and tissue engineering. In basic research, increasing translational output in metabolic syndrome and diabetes use mostly mouse models. Focused topics are organelle studies on mitochondria and endoplasmic reticulum.

*Table [1](#ehz282-T1){ref-type="table"}* complements the fast growing topics of *Figure [2](#ehz282-F2){ref-type="fig"}* with additional leading 2013 topics. Most of these also have grown since 2004, but two topics, even if large, seem to have lost momentum, i.e. longitudinal studies on blood pressure, and basic research in cardiac electrophysiology.

###### 

Large topics in 2013

  Topic label                                                       2004 (number of documents)   2013 (number of documents)
  ----------------------------------------------------------------- ---------------------------- ----------------------------
  Clinical research                                                                              
   Inflammation biomarkers                                          1545                         2990
   Congenital heart disease---surgical procedures                   1209                         2154
   Healthcare organization, quality of care                         746                          1559
   Coronary artery disease, cardiac surgery---peri-operative care   761                          1503
   Congenital heart disease---diagnosis, surgery, and treatment     739                          1496
   Ventricular function assessment                                  824                          1464
  Basic science                                                                                  
   Inflammation                                                     951                          1304
   Animal experiments---methodology                                 1020                         1293
   Oxidative stress---antioxidants                                  854                          1282
   Cardiac hypertrophy---animal models                              696                          1139
   Cardiac electrophysiology---ion channels, calcium homoeostasis   1071                         1109
  Population research                                                                            
   Longitudinal studies---blood pressure                            1929                         2196
   Cholesterol, PCOS, obesity, and risk                             698                          1471
   Risk factors---diabetes & hypertension                           739                          1383
   Risk factors---population cohort studies                         513                          1268

PCOS, polycystic ovary syndrome.

Only four topics in clinical, and none in population research, saw a decrease, whereas seven topics in basic research saw a decline in output (*Figure [3](#ehz282-F3){ref-type="fig"}A*). Across all topics, the growth in publication output, measured as the number of documents in 2013 divided by the number of documents in 2004, was significantly larger in clinical and population research topics than in basic research topics (*Figure [3](#ehz282-F3){ref-type="fig"}B*).

![Unequal growth of research output across categories. (*A*) Topics that saw a decrease of \>5%, i.e. 4/102 clinical and 7/50 basic research topics. (*B*) Average growth in each category. Each dot presents a topic; the values are the fractional growth, i.e. the number of documents in 2013 divided by the number of documents in 2004. Kruskal--Wallis followed by Dunn's test for multiple comparisons; \*\*\**P* \< 0.0001 basic vs. clinical and vs. population.](ehz282f3){#ehz282-F3}

When considering the overall output and growth of publications across the categories of population, clinical and basic research, the data suggest that the share of basic research publications is declining.

Document clusters define large research areas and trends
--------------------------------------------------------

The size of topics represents the activity within each of these---documents contribute to more than one topic. In a complementary approach, we examined how documents group together based on the similarity of their text and of their references, whereby each document can belong to one cluster only, effectively dividing the total publication output into different areas. The hybrid clustering algorithm was applied to two datasets, i.e. the publications from 2006 to 2008 and 2011 to 2013.

In each period, 10 large clusters emerged, accounting for \>90% of all documents.

To identify trends, we compare the two periods and examine the evolution over time (*Figure [4](#ehz282-F4){ref-type="fig"}*). In the graph legends, emerging areas are marked by green triangle, decreasing ones with a red triangle. Risk scoring in the population and related patient management are the leading areas, growing over time (top position). In 2011--13, a large cluster emerges that relates to gene and stem-cell therapy, including research on inducible pluripotent stem cells. Documents within this cluster include research on ischaemic heart disease and arrhythmias. Haemodynamics and biomechanics are another emerging area that includes documents on atherosclerosis and vascular diseases such as aneurysms, but also heart failure and assist devices. Aortic valve disease is a newly defined area in 2011--13. Imaging also becomes very prominent as an area in its own right. Whereas in 2006--08, hypertension was a defined area, this is no longer identifiable in 2011--13.

![Distribution of document clusters in 2006--08 and in 2011--13. (*A*) In 2006--08, the 10 largest clusters represent 93% of the total publication output in this period. (*B*) In 2011--13, the 10 largest clusters represent 92% of the total publication output in this period. The colour codes for similar clusters are maintained across the periods. However, some clusters are present in only one period. The clusters are arranged by size, reading clockwise from the top, and the legends arranged accordingly. Red triangles mark clusters that disappeared and green triangles emerging clusters.](ehz282f4){#ehz282-F4}

For the last period, we also examined the structure and interrelation of clusters, using a graphical rendering, giving insight in the size, composition, and presence of subclusters (*Figure [5](#ehz282-F5){ref-type="fig"}*).

![Document clusters' map 2011--13. A visual presentation of documents in clusters and subclusters: the most similar documents and clusters are located closer to each other, based on the DrL two-dimensional mapping layout technique.](ehz282f5){#ehz282-F5}

In this force-directed DrL graph layout, the documents and clusters are mapped to minimize the distance between the most similar documents and maximize the distance between non-linked documents. This produces a two-dimensional co-ordinate layout where the documents closest to each other share the most similarities since they share common text fragments and references. Conversely, documents and clusters on the edges of the graph have the least similarity to other documents or clusters.

Cluster 2 on gene and stem cells is dense and separate, yet touches and interacts with Cluster 5 \[acute coronary syndrome (ACS) and MI\]. Cluster 9 on imaging is spread out in subclusters at different locations, including one near Cluster 5 (ACS and MI), and one near Cluster 4 (heart failure). Cluster 8 (arrhythmias) is also split with one part closer to heart failure, another to anticoagulation and atrial fibrillation.

Further naming the subclusters is presently beyond reach, as it would require a lot of expert input and resources. However, linking the clusters and the topics adds granularity to the larger research areas and provides internal methodological validation of the cluster naming.

*Table [2](#ehz282-T2){ref-type="table"}* presents the most highly associated topics in the ten largest document clusters in each period. Overall, agreement with the LDA topics is high and provides more detail on the research contained in the clusters. E.g., the cluster 'Haemodynamics' is now showing different areas of focus, i.e. in congenital disease, aortic, and valvular diseases; the topic 'Arrhythmias' is more populated with device research in the second time period compared to the first.

###### 

Cluster names and topics present within clusters

  Cluster    Cluster name (n = number of documents)                                                   LDA topics (ranked by contribution)
  ---------- ---------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  2006--08                                                                                            
  1          Population risk factors for CVD---diagnosis and treatment (*n* = 24 248)                 Epidemiology of CVD and risk factorsMetabolic syndrome---obesity and diabetesInflammation biomarkersLipids, cholesterol---statin therapyRisk factors---socioeconomic, lifestyle, nutrition, and activity factorsEvidence-guided treatment
  2          Pulmonary hypertension---mechanisms and treatment (*n* = 19 436)                         Cell signalling and gene transcriptionVascular function---endothelial controlMyocardial infarction---ischaemia/reperfusion injuryVascular smooth muscle cells---proliferation and migration
  3          Heart failure---diagnosis and treatment (*n* = 16 755)                                   Imaging---echocardiography and cardiac haemodynamicsVentricular function assessmentArrhythmias---heart failure and ICD therapyEvidence-guided treatmentImaging---magnetic resonance imagingCardiac pacemakers---CRT
  4          Cardiac surgery (*n* = 16 033)                                                           Congenital heart disease---diagnosis, surgery, and treatmentCongenital heart disease---surgical proceduresAortic aneurysm---stents, repair, and surgeryCoronary artery disease, cardiac surgery---peri-operative careEvidence-guided treatmentCoronary artery disease---CABG technique
  5          Hypertension---diagnosis and treatment (*n* = 11 776)                                    Hypertension---antihypertensive therapyHypertension---BP measurement and diagnosisEvidence-guided treatmentVascular disease and arterial stiffnessEpidemiology of CVD and risk factors
  6          Acute coronary syndrome/myocardial infarction---treatment (*n* = 8792)                   Coronary artery disease---stents DES---complicationsAcute coronary syndromes---antiplatelet treatmentAcute coronary syndrome, myocardial infarction, and STEMI---PTCI and angioplastyCoronary artery disease---revascularization and PTCIEvidence-guided treatmentCoronary artery disease---stenting proceduresAcute coronary syndrome and MI---risk scoring and prognosis
  7          Arrhythmias (*n* = 8329)                                                                 Atrial fibrillation---ablation treatmentCardiac electrophysiology---ion channels and calcium homoeostasisCardiac electrophysiology---action potential and conductionArrhythmias---Torsade-de-pointes, QT prolongation, and environmental riskArrhythmias---conduction disorders and ECGArrhythmias---arrhythmogenic RV cardiomyopathy and long QT---genetics
  8          Venous thrombosis and embolism (*n* = 7883)                                              Thrombolysis, coagulationAnticoagulation, orthopedic surgery---NOACCancer---coagulation disorders, LV outflow obstructionDeep vein thrombosis---complications and treatmentEvidence-guided treatmentCerebrovascular disease---cognitive dysfunction, risk factors
  9          Environmental/ social factors, multisystem (*n* = 6753)                                  Autonomic nervous system---Heart rate variabilityAutonomic nervous system---Renal physiology, blood pressureObstructive sleep apnoeaBlood pressure---regulation and autonomic nervous systemLongitudinal studies---blood pressureMental health and CVD impactLow birth weightSyncope---diagnostic testing
  10         Acute MI---treatment---stem cells --angiogenesis (*n* = 6316)                            AngiogenesisStem cells/cardiac repairCardiovascular developmentTissue engineering---vascular and biomechanical factorsMyocardial infarction---animal studiesCell signalling and gene transcription
  2011--13                                                                                            
  1          Population risk factors for CVD---diagnosis and treatment (*n* = 42 024)                 Epidemiology of CVD and risk factorsRisk factors---socioeconomic, lifestyle, nutrition, and activity factorsEvidence-guided treatmentInflammation biomarkersMetabolic syndrome---obesity and diabetes
  2          Gene and stem-cell therapy, including other innovations (*n* = 32 448)                   Cell signalling and gene transcriptionStem cells/cardiac repairAngiogenesisVascular smooth muscle cells---proliferation and migration
  3          Haemodynamics and biomechanics of CVD (*n* = 14 033)                                     Congenital heart disease---diagnosis, surgery, and treatmentAortic aneurysm---stents, repair, and surgeryCongenital heart disease---surgical proceduresHeart failure---assist devicesEvidence-guided treatmentVascular function and remodelling---biomechanical factors
  4          Heart failure---imaging, treatment (*n* = 13 876)                                        Imaging---echocardiography and cardiac haemodynamicsPulmonary hypertension---diagnosis and causesVentricular function assessmentEvidence-guided treatmentImaging---cardiac echocardiography techniqueExercise testing---cardiovascular fitness
  5          Acute coronary syndrome/myocardial infarction---diagnosis and treatment (*n* = 12 695)   Coronary artery disease---stents DES---complicationsCoronary artery disease---revascularization and PTCIAcute coronary syndrome, MI, and STEMI---PTCI and angioplastyAcute coronary syndromes---antiplatelet treatmentCoronary artery disease---stenting proceduresEvidence-guided treatmentAcute coronary syndrome and MI---risk scoring and prognosis
  6          Anticoagulation and AF (*n* = 10 140)                                                    Atrial fibrillation---ablation treatmentAnticoagulation, orthopaedic surgery---NOACEvidence-guided treatmentAnticoagulation/thrombosis treatment and complicationsAtrial fibrillation---embolic risk assessmentStroke---treatment and outcome
  7          Aortic valve disease---TAVI (*n* = 8188)                                                 Aortic valve disease---repair and surgeryCoronary artery disease and cardiac surgery---peri-operative careValvular heart disease---mitral valveCoronary artery disease---CABG techniqueCongenital heart disease---surgical proceduresEvidence-guided treatmentCardiopulmonary bypass---blood transfusionSepsis and endocarditis
  8          Arrhythmias---in HF and 'congenital' (*n* = 7565)                                        Arrhythmias---conduction disorders and ECGArrhythmias---ICD technologyCardiac pacemakers---CRTArrhythmias---arrhythmogenic RV cardiomyopathy and long QT---geneticsArrhythmias---heart failure and ICD therapyCardiac electrophysiology---ion channels and calcium homoeostasisArrhythmias---Torsade-de-pointes, QT prolongation, and environmental risk
  9          CV imaging---diagnosis and 'biomarker' guiding patient management (*n* = 6267)           Coronary artery disease---CT imagingCoronary artery disease and calcification---diagnosis and CT angiographyMRICoronary artery disease and cardiac imaging---diagnosis myocardial ischaemia
  10         ANS control, environmental factors (*n* = 4767)                                          Autonomic nervous system---Heart rate variabilityObstructive sleep apnoeaArrhythmias---Torsade-de-pointes, QT prolongation, and environmental riskLongitudinal studies---blood pressureSyncope---diagnostic testingBlood pressure---regulation and autonomic nervous system

AF, atrial fibrillation; ANS, autonomic nervous system; BP, blood pressure; CABG, coronary artery bypass grafting; CRT, cardiac resynchronization therapy; CT, computed tomography; CV, cardiovascular; DES, drug-eluting stent; ECG, electrocardiogram; HF, heart failure; LV, left ventricular; NOAC, new oral anticoagulant; PTCI, percutaneous transluminal coronary intervention; RV, right ventricle; STEMI, ST elevated myocardial infarction.

Discussion
==========

The method for identification of topics in cardiovascular publication output allowed the visualization and evaluation of trends in cardiovascular research. Over a 10-year period significant shifts occur.

Identification of cardiovascular research topics through natural language processing
------------------------------------------------------------------------------------

In cardiovascular research, topics are generally predefined in a taxonomy that can be hierarchical and/or matrix structured. The CardioScape project approach (see Introduction section) was well suited to its purpose of the analysis of 2476 project abstracts in a single time period and using an existing taxonomy has the advantage of recognizable areas of research. The bottom-up approach used here lent itself well to analysis of much larger numbers of documents and generated a topic list that represents the interests from the community during the period under study.

A recent study by the WHO working to identify cardiovascular disease research output from random sets of publications from PubMed required a significant amount of expert-based review of only a small proportion of the published articles.[@ehz282-B17] The current approach was more comprehensive in coverage of the field, but despite reliance on advanced automated analysis, experts still had an important role in interpreting and linking concepts to validate the results.

In the current naming of topics and clusters, experts frequently used terms that connect to a classic hierarchical list in the field, including major diseases, and recognizing clinical, population, and basic discovery research. Nevertheless, the approach uncovered specific emerging areas of research such as transcatheter aortic valve implantation (TAVI), topics consistent with broad trends, such as risk stratification and evidence-based guidance, and innovation (gene and stem cell research). Some of these terms would not appear in a classic taxonomy and thus the NLP approach offers novel insights.

The present study was not attempting to classify all research but to capture and identify the most common and evolving topics over time in the cardiovascular field by using a comprehensive set of cardiovascular publications across some 5000 journals.

Emphasis on improving clinical care and risk assessment
-------------------------------------------------------

The most represented and fast growing topics across the documents are evidence-based guidance for treatment and research on outcomes and prognosis. These result underscore the attention given to guidelines and evidence based medicine (EBM).[@ehz282-B18] Part of this research is likely to represent the large number of clinical trials taking place in the cardiovascular field,[@ehz282-B24] which over time have had a significant effect on the reduction of mortality from CVD due to establishing the effectiveness and safety of a number of drugs and medical interventions in cardiovascular disease.[@ehz282-B25] The presence of policy related topics, such as the topics on quality of care and health economics likewise supports the focus on implementation research and a shift of focus from reducing acute mortality to care in chronic disease.

Growth of research on risk factors emphasizes the importance of preventative medicine, evident in both the topics analysis and the document cluster analysis. However, some specific blood pressure studies declined over time, perhaps reflecting the change in focus on the single risk factor of 'blood pressure' to a multivariable spectrum and newly identified risk factors. We have also previously shown that hypertension has moved more closely to clinical cardiovascular research over time.[@ehz282-B26]

Smaller topics illustrate crosstalk with non-cardiovascular diseases, because of shared risk factors or common methods used in research or occurrence of cardiovascular complications. The latter is particularly evident in two topics that focus on cardiovascular complications in pregnancy and in cancer.

Innovation and translation in clinical and basic science
--------------------------------------------------------

Major diseases such as ischaemic heart disease and arrhythmias, remain present over time but shifts can be seen. There is for example, a larger focus on atrial fibrillation, in particular embolic risk, on novel treatments, such as stem cells in heart failure, and transcatheter aortic valve interventions as a dominant element within the topic of valvular heart disease.[@ehz282-B19] Imaging is present in several topics but emerges as a cluster in its own right in the document analysis. Many of these changes are driven by technological innovation and translation.

Basic research as a whole saw its share decline, but with interesting shifts in content. Although the topic analysis and mapping identifies basic research topics as a category, there are complementarities across categories. Stem cell research, tissue engineering, and biomechanical factors saw rapid growth and are also present in clinical topics. This also applies to inflammation and diabetes. Animal models for disease are rapidly growing topics consistent with growth of translational research.

An analysis of the countries of authorship of the publications in the emerging clusters of discovery research shows that the USA leads in the number and share of publications (30%+), followed mostly by Germany, or the UK or Italy. However, for the large document cluster on genes and stem cells in 2011--13, the second most productive country is China, contributing 17.5% of the publications in this cluster (Supplementary material online, *[Figure S3](#sup1){ref-type="supplementary-material"}*).

Interestingly, inflammation, biomarkers, metabolic syndrome, obesity, and lipids are hot topics with growing research output in population, clinical and basic research, indicating integration and crosstalk across the spectrum of cardiovascular research.

Drivers of change
-----------------

Technology and opportunity-driven scientific interest, but also strategic choices and funding policies are likely to influence trends in research. CardioScape studied public and charity funding in the years 2010--12 and describes major investments in clinical research. Yet the share of publication output globally for clinical research appears to be substantially larger than the share of funding for clinical research reported in CardioScape. This could be explained by clinical research funded by other sources, such as industry or local funding, which are not included in the CardioScape analysis. Also, the present data represent global output. Major research investments in China, and the emphasis on clinical research in the USA, can contribute to some of the global trends.

The slower growth in basic science could reflect a slower growth in investment. This can be absolute or relative towards the increasing costs of advanced research methodology. Another reason could be editorial pressure for more comprehensive papers that may reduce quantity to the benefit of rich content in individual papers.

Finally, growing translational research may blur the boundaries between basic and clinical research and lead to an apparent slower growth in discovery research.

Policy perspectives
-------------------

Policy development is a forward looking exercise. In health research, medical needs identified by health data and expert opinion, are an important consideration.[@ehz282-B27] Past research output helps to identify areas that may need more investment. Research funders also use input from society.[@ehz282-B28] When assessing current priorities in cardiovascular research for the Dutch[@ehz282-B28] and British[@ehz282-B29] Heart Foundations we can see that research into heart failure and arrhythmias are common across their top priorities. Focus on healthy lifestyles is a top priority in the Dutch Heart Foundation as well as in the US vision and strategic agenda.[@ehz282-B4]^,^[@ehz282-B5] At the macro-level, the data presented here indicate that some of the main issues presented in these research agendas are actively pursued but others less so.

Study limitations
-----------------

Limitations of studying research topics have been addressed in the bibliometric field.[@ehz282-B8] The reliance of expert input is a limitation and potential source of bias that we tried to minimize by using mixed panels.

The current approach was not sufficiently granular to extract recent emerging topics that contain a limited number of documents. In addition, publication output is somewhat delayed vs. actual research and experts may be aware of ongoing research with still limited output. In this case, the method and dataset can be used to interrogate about specific developments (see [Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Table S3](#sup1){ref-type="supplementary-material"}* for data on micro-RNA and personalized medicine).

As the data set ends in 2013, very recent developments are not covered. This relates to the methodological complexity. Web of Science data including 2014 references were available mid-2015, the cardiovascular publications dataset was complete in 2016 and algorithms for analysis including re-iterative expert review required another 18 months. A similar time lag is seen in other studies that rely on data mining and processing.[@ehz282-B9] Congress abstracts could be considered as a source to identify emerging topics but have several limitations. They are of a different nature than papers and the scope of a congress shapes content of selected abstracts. We provide a complementary survey of 3000 abstracts from the 2018 congress of the European Society of Cardiology, illustrating the strong presence of clinical research at this event, within the topics of Clusters 1 and 3--7 of *Table [2](#ehz282-T2){ref-type="table"}* ([Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Figure S4](#sup1){ref-type="supplementary-material"}*). Two emerging topics were cardio-oncology and digital health, each representing however \<25 abstracts.

In the present analysis, quality and impact of studies in a particular domain were not evaluated, though highly cited papers were part of the cluster identification. In their analysis of poorly cited papers covering 165 000 papers in 1997--2008, Ranasinghe *et al*.[@ehz282-B30] noted the highest percentage of poorly cited papers in the clinical and population research category. Nevertheless, as they and others[@ehz282-B31] have noted, citations are not the only parameter to assess impact, in particular in clinical medicine.

Conclusions
===========

Identification of leading research topics and trends illustrates the emphasis on improving clinical medicine, and the growing interest in risk stratification and preventive medicine. Translation and innovation redefine cardiovascular research. Linking the present data with the insights of the professional community and of funders and society, may contribute to the building of a future research roadmap.

Supplementary Material
======================

###### 

Click here for additional data file.
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